reach the thermodynamic equilibrium under our reaction conditions, the final concentrations of all the four compounds should be the same in both experiments. The experimental results matched the prediction very well, and nearly identical final concentrations of all the four reaction components were obtained in both experiments. Thus, we can conclude that the reaction of these substrates is reversible and that thermodynamic equilibrium can be reached under our normal reaction conditions. Collectively, these preliminary mechanistic experiments strongly support the proposed transfer mechanism shown in Fig. 1B .
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We thank Z. K. Wickens (Harvard University) and R. H. Grubbs (California Institute of Technology) for critical proofreading of this manuscript. Generous funding from the Max-Planck-Society and the Max-Planck-Institut für Kohlenforschung is acknowledged. We thank B. List for sharing analytical equipment, and our nuclear magnetic resonance, gas chromatography, and mass spectrometry departments for technical assistance. P.Y. thanks the China Scholarship Council for a scholarship. A provisional patent application has been filed on this reaction. Nuclear magnetic resonance spectroscopy is a powerful tool for the structural analysis of organic compounds and biomolecules but typically requires macroscopic sample quantities. We use a sensor, which consists of two quantum bits corresponding to an electronic spin and an ancillary nuclear spin, to demonstrate room temperature magnetic resonance detection and spectroscopy of multiple nuclear species within individual ubiquitin proteins attached to the diamond surface. Using quantum logic to improve readout fidelity and a surface-treatment technique to extend the spin coherence time of shallow nitrogen-vacancy centers, we demonstrate magnetic field sensitivity sufficient to detect individual proton spins within 1 second of integration. This gain in sensitivity enables high-confidence detection of individual proteins and allows us to observe spectral features that reveal information about their chemical composition.
C onventional nuclear magnetic resonance (NMR) spectroscopy relies on detecting the weak magnetization of a thermally polarized ensemble of nuclear spins and therefore typically requires high magnetic fields and macroscopic sample quantities (1) . Recently, it has been shown that single nitrogenvacancy (NV) color centers in diamond can serve as atomic-sized magnetometers that are capable of label-free detection of the statistical nuclear polarization of nanoscale ensembles (2, 3) , and even single nuclear spins (4), under ambient conditions (5, 6) . Our method is based on the coherent control of an individual NV center, which is a localized defect in the diamond lattice consisting of a substitutional nitrogen atom and an adjacent vacancy in the carbon lattice. The spin state of the negatively charged NV center has an exceptionally long coherence time, even at room temperature, and its electronic level structure allows efficient, all-optical spin polarization and readout. In our approach (Fig. 1) , we measure individual Fourier components of the timevarying magnetic field created by a statistically polarized subset of proximal nuclear spins contained within a protein. The transverse magnetization of the spin ensemble undergoes precession at the nuclear Larmor frequency with a phase and amplitude that vary stochastically with every repetition of the sequence. Averaging over many iterations yields a zero mean magnetization but a nonzero variance, which results in a measurable magnetic resonance signal. To use the NV center as a sensor, its spin state is manipulated with a series of periodic microwave pulses separated by free-evolution intervals of length t (Fig. 1B) . This periodic modulation of the NV center spin creates a narrow band-pass frequency filter, allowing phase accumulation when the modulation frequency, defined as 1/t, is close to twice the nuclear Larmor frequency (5, 7, 8) . Varying the spacing between the p pulses yields a frequency spectrum that encodes information about the nuclear spins within the protein. Assuming that the spins are situated on the diamond surface at distance d directly above the NV center, the optimal sensitivity of this technique (defined by the minimum number N of nuclear spins detectable after 1 s of integration) is achieved when the pulse-sequence duration is approximately equal to the coherence time T 2 of the NV electronic spin (5) [see (8) for derivation]
Here, g e = 1.76 × 10 11 s −1 T -1 and g n are the electron and nuclear gyromagnetic ratios (for proton spins g n = 2.68 × 10 8 s
), d is the NV center depth, m 0 is the vacuum permeability, ħ is Planck's constant h divided by 2p, and T R is the readout time. The readout fidelity
2 is determined by the mean number of photons a 0 , a 1 detected per shot from the m s = 0 and 1 spin sublevels of the NV center, respectively. The readout fidelity encapsulates the effect of photon shot noise and approaches unity for an ideal, projection noise-limited measurement.
One limitation to the sensitivity is due to the imperfect readout of the NV center. For typical fluorescence collection efficiencies, F ≈ 0:03 (8) . Thus,~10 3 repetitions of the experiment are required to distinguish the fluorescence of the m s = 0 and ±1 sublevels. To circumvent this imperfection, we use a two-qubit quantum system consisting of an NV center electronic spin and its associated 15 N nuclear spin, such that after the sensing sequence, the resulting NV spin can be repeatedly probed without resetting its state via optical pumping (9, 10) . We use quantum logic (Fig. 1B) to manipulate the two coupled qubits and to improve readout fidelity [see (8) for details]. The experimentally measured gain in the readout fidelity as a function of readout cycles (Fig. 1C, red points) demonstrates an almost 10-fold improvement for several hundred repetitions, as compared with conventional readout (dashed blue line). Although repetitive readout of the electronic spin state leads to an increase in the readout time T R (8), the sensitivity is only weakly dependent on this variable. Therefore, in the regime where T R is on the order of T 2 , we achieve a significant gain in sensitivity.
Another key limitation to the sensitivity is attributable to the decoherence of near-surface NV centers (i.e., those with small d) (11) . To quantify the effect of the surface on the NV spin coherence, we measure the decoherence rates (1/T 2 ) and depths (8) for a large number of NV centers created by implantation of 2-keV 15 N ions. As shown in table S1, the depths and decoherence rates of shallow NV centers are inversely correlated. To improve the coherence properties, we use wet oxidative chemistry combined with annealing at 465°C (12, 13) in a dry oxygen environment (8) . This procedure etches away the diamond surface while improving the coherence times by more than an order of magnitude. When combined with the 10-fold improvement in readout fidelity resulting from quantum logic-based readout, this increase in T 2 yields shallow (3 to 6 nm) NV centers with an overall sensitivity gain greater than a factor of 500 ( Fig. 2A) , exceeding sensitivities reported in previous experiments ( fig. S2 ). The resulting sensitivity is sufficient to detect a single proton spin or~10 statistically polarized 13 C or 2 H spins after 1 s of integration ( Fig. 2A) (8) .
We use our enhanced sensitivity to probe ubiquitin, a small regulatory protein consisting of 76 residues that is found in almost all eukaryotic cells (14) . The size of this protein (15) Here the NMR signal is measured using a modified XY8-k dynamical decoupling sequence (8) and detected using repetitive readout of the electronic spin state. jyi e and jφi n correspond to the electric and nuclear spin states, respectively. MW and RF correspond to microwave and radio frequency drive fields, respectively. APD denotes the photodetector used for optical measurement. B nuclear corresponds to the magnetic field created by the target nuclear spins. (C) Measured gain in the readout fidelity F as a function of repetitive readout cycles (red curve). The dashed blue line indicates the measured fidelity using conventional readout. The readout fidelity is measured by detecting the average number of photons scattered from the NV center after preparing it in the m s = 0 or 1 sublevel and applying eq. S9 (8) .
order of the NV detection area/volume (8), determined by the NV center depth for d~3 to 5 nm. Thus, any observed NMR signals can be attributed to individual or small aggregates of proteins. We immobilize the proteins on the diamond surface by means of carbodiimide cross-linker chemistry (16, 17) [see also Fig. 2B and (8)]. We then use atomic force microscopy (AFM) to characterize the topography of the diamond surface after protein attachment (8) . The AFM images (Fig. 2C ) exhibit circular features with heights and radii (Fig. 2D ) that are consistent with the known size of the protein. We observe almost no features with height larger than 5 nm, suggesting that our attachment protocol does not lead to aggregation. The resolution in the lateral dimensions is consistent with the limit imposed by the radius of the AFM probe (9 ± 2 nm). We confirm that individual spots in Fig. 2C mostly correspond to individual proteins by conjugating the proteins to Cy3 fluorophores and comparing the resulting mean fluorescence rate with that of optically resolved Cy3+ubiquitin complexes and individual Cy3 dye molecules (8) . We find that the mean protein spacing, as extracted from optical measurements (20.9 ± 1.4 nm), is in excellent agreement with that based on AFM measurements (21.6 ± 0.4 nm). Importantly, these measurements show that the mean spacing of the proteins is much greater than the typical NV center depth (d ≈ 4 nm) and the protein size. Due to the strong~1/r 6 dependence of the NMR contrast on the NV-protein separation r (8), the NMR signal is negligible for proteins located far outside the NV detection area. Therefore, with our protein density, we expect~10% of NV centers to contain a single protein within their detection areas. The statistical probability of detecting two or more proteins using a single NV center is~1% (8) .
To spectrally differentiate the magnetic fields produced by protein nuclear spins from background sources-such as 1 H spins on the diamond surface (18) and 13 C spins in the diamond lattice-we use diamond samples enriched in 12 C (99.999% abundance) and proteins enriched in the rare isotopes 2 H and 13 C (both at >98% abundance). We first carried out NMR measurements on 20 shallow NV centers, with isotopically enriched ubiquitin proteins attached to the diamond surface. Three of the NV probes exhibited NMR signals at both the 2 H and 13 C Larmor frequencies (8) . No instances occurred in which only one of these nuclear species was detected. Representative spectra (Fig. 3, A and B) were obtained by varying the spacing of the periodic p pulses. Here, the data were normalized to subtract the effect of NV decoherence (8). The 2 H and 13 C spectra were acquired using XY8-507 and XY8-1011 pulse sequences (8), respectively, and measured via 500 repetitive readout cycles. The identities of the nuclear species were verified by observing the linear scalings of the nuclear Larmor frequencies with the applied magnetic field (Fig. 3C, blue and red  points) .
The spectral resolution Dn of the present method is Fourier-limited by the total duration of the coherent evolution of the quantum spin sensor (Fig. 3D) . Note that the 10-fold increase in the coherence time T 2 demonstrated in Fig. 2A directly yields a corresponding 10-fold improvement in spectral resolution (8) , allowing us to resolve features in the protein spectra and revealing information about its chemical composition. Figure 3E shows the 2 H and 13 C NMR spectra (top two panels), corresponding to ubiquitin proteins enriched with 2 H and 13 C, performed on another NV center. Consistent with the results of Fig. 3, A and B , for the first NV center, we find that the deuterium spectrum exhibits an extremely broad line shape, whereas the 13 C spectral width is considerably narrower and is consistent with the Fourier limit. The bottom panel in Fig. 3E shows the 13 C NMR spectrum after attaching ubiquitin proteins enriched only in 13 C. We observe a 13 C line shape that is significantly broader (~20 kHz) than that of the deuterated proteins. The spectral resolution, determined by the external magnetic field and the number of applied p pulses, is indicated by the shaded green regions in Fig. 3 . Figure 3F shows the average deconvolved spectral widths of 2 H and 13 C, as observed in independent measurements of three NV centers with deuterated proteins and three NV centers with nondeuterated proteins.
Previous studies (19) (20) (see also Fig. 4A) H giving rise to broader linewidths due to its larger gyromagnetic ratio.
Our method can be extended in a number of ways. The sensitivity can be further improved by using spin-to-charge readout (21) or more advanced pulse sequences that could extend the coherence time to the limit imposed by the population relaxation time T 1 (see, for example, fig.  S2B , which shows coherent spin locking for up to 1 ms). Nuclear hyperpolarization (8) , such as Hartmann-Hahn double resonance (22) , can also be used to improve sensitivity via direct detection of nuclear magnetic moments rather than their variances. Alternatively, reporter spin-based sensing can be used to reach single-spin sensitivity by resolving individual nuclear spins in a field gradient created by an electronic reporter spin (4) . Similarly, if background protons can be removed from the diamond surface [protons in liquid water diffuse quickly and do not contribute to the NMR signal (23) ] by deuteration (3), 1 H spins, with their large gyromagnetic ratio, can be used for indirect detection of nuclei with low magnetic moments (24) . In addition, the coupling to a long-lived quantum memory associated with an ancillary nuclear spin qubit and the use of new pulse sequences (4, 25) should allow further improvement in spectral resolution to the limit determined by the lifetime of the nuclear spin ancilla, which could be >10 mHz (6) . Independently of the NV and nuclear spin manipulation, the detection sensitivity and utility of the method can be greatly enhanced by deterministically positioning the molecules in close proximity to C NMR spectra (8) . Here, the observed spectra have been deconvolved from the detector filter function to yield the true linewidths [as extracted from fits presented in (8) ]. Error bars correspond to SEM of the spectral widths, for each of the three categories of spectra. For all 13 C spectra of nondeuterated proteins, we verified that the 13 C signal disappears when the proteins are removed from the diamond (8).
an NV center-for instance, by activating local chemical sites using superresolution microscopy (26) or by placing them with a magnetized AFM tip (27, 28) . Though at present the inability to position the protein over a desired NV center results in long required integration times (8), deterministic placement, combined with a factor of 3 improvement in coherence time, would enable detection of an individual deuteron after several seconds of integration [see (8) , section 9] .
The demonstrated technique, along with these potential improvements, may enable applications for probing the structure and dynamics of biological systems at the single-molecule level. For example, the single-molecule NMR method using quadrupolar nuclei with nuclear spin I > 1/2 can be used to study conformations and electrostatic environments within individual molecules. One can use the dependence of the nuclear spin level structure on the orientation of its quadrupolar axes with respect to the applied magnetic field to determine the spin's electrostatic environment (quadrupole coupling constant Q and asymmetry parameter), as well as the orientation of its molecular axes (Fig. 4A) (19) . In our experiments (Fig.  3E) , these quadrupolar shifts result in broadening of the observed spectral lines. However, if the number of nuclear spins in the molecule N m is such that Q=ðN m DnÞ > 1, which ensures that the spectral range ∼ Q is not overcrowded with resonances, the spectral lines associated with individual nuclei can be resolved and analyzed. As an example, Fig. 4B shows the simulated 2 H and 14 N quadrupolar spectra of a single phenylalanine molecule for two orthogonal orientations (top and upper middle panels) and two distinct conformations (two middle panels). These orientation-dependent shifts wash out in bulk NMR measurements (bottom panel). Yet unlike in bulk NMR with crystallized samples, the weights of the various single-molecule NMR resonances in a finite magnetic field (Fig. 4C) encode information about the positions of the spins within the molecule, thus allowing structural information to be deduced (8) regardless of the location of the target molecule.
Our approach provides a set of tools, complementary to conventional NMR, that can be used to probe the structure and dynamics of biological and chemical systems at the singlemolecule level and reveal properties normally obscured in ensemble measurements. With additional improvements in sensitivity, these tools (8) can potentially be applicable to NMR-based label-free detection and analysis of single molecules; characterization of structural and conformational changes in systems that are not easily accessible by conventional techniques; and studies of dynamic phenomena, such as protein folding (29) and enzyme-substrate interactions at the single-molecule level (30) .
Supplementary Text
Figs. S1 to S10 Precise control of biosystems requires development of materials that can dynamically change physicochemical properties. Inspired by the ability of proteins to alter their conformation to mediate function, we explored the use of DNA as molecular keys to assemble and transform colloidal nanoparticle systems. The systems consist of a core nanoparticle surrounded by small satellites, the conformation of which can be transformed in response to DNA via a toe-hold displacement mechanism.The conformational changes can alter the optical properties and biological interactions of the assembled nanosystem. Photoluminescent signal is altered by changes in fluorophore-modified particle distance, whereas cellular targeting efficiency is increased 2.5 times by changing the surface display of targeting ligands. These concepts provide strategies for engineering dynamic nanotechnology systems for navigating complex biological environments.
F
undamental studies on the interactions of nanoparticle designs with biomolecules, cells, tissues, and organs are providing guiding principles with which to build nanosystems for imaging, diagnosis, and the treatment of disease. An optimal nanoparticle physicochemical property (for example, size, shape, and surface chemistry) for biological use varies with time and place within the living body, and current nanoparticle designs do not have the engineering range to meet these design requirements (1-3). For example, rod-shaped particles are reported to be preferable for tumor penetration (4), whereas spherical nanoparticles are better for subsequent cellular uptake by cancer cells (5); nanoparticles coated with polymer polyethylene glycol (PEG) can increase blood circulation time by reducing serum protein adsorption and macrophage uptake (6) but can impede surface-coated antibodies from cell targeting (7). These variations have inspired the development of interactive nanoparticle systems that can alter their properties in response to biological stimuli (8) (9) (10) . However, dynamic control over the physicochemical properties of nanoparticles, especially particle shape, remains a challenge. DNA provides exquisite control and flexibility in engineering the physicochemical, morphological, optical, and electrical properties of three-dimensional (3D) nanosystems (11) (12) (13) (14) . But these DNA-assembled structures have not been fully exploited for cellular and biological application. We explored the use of DNA to assemble shape-shifting nanostructures with controlled biological function.
We used single-stranded DNA-functionalized gold nanoparticles (AuNPs) of different sizes (denoted as large, medium, and small) as building blocks to assemble shape-changing nanostructures (Fig. 1A and fig. S1 ). Each AuNP was functionalized with two DNA sequences: one for nanostructure assembly and the other for shapechanging (15) . Valencies of these nanoparticles were 114, 25, and 6 DNA strands on 13-, 6-, and 3-nm AuNPs, respectively ( fig. S2 ). The nanoparticle building blocks were assembled into "core-satellite" structures (16, 17) by a linker DNA strand (L1 and L2) whose ends were complementary to two different nanoparticle types. The assembled nanostructure consists of a large core with surrounding satellites of medium and small size (Fig. 1,  assembly morphology 1 ). An important design feature here is that the linkage between the core and the small satellites contains a single-stranded
